ABSTRACT. The co-existence of genetically modified (GM) crops with conventional crops has become a subject of debate and inquiry. Maize (Zea mays L.) is one of the most cultivated crop plants in the world and there is a need to assess the risks of cross-pollination. Concentration and deposition rate downwind from different-sized maize crops were measured during three flowering seasons, together with micrometeorological conditions in the surrounding environment. Pollen release started once the air vapour pressure deficit (VPD) increases above 0.2 to 0.5 kPa. Moreover, the dynamics of release was correlated with the dynamics of VPD surrounding the tassels. Horizontal deposition appeared to follow a power law over short distance downwind from the source, and the dispersal distance increased with the source canopy height, and the roughness length of the downwind canopy. This work also provides a data set containing both pollen measurements and contrasting weather conditions to validate dispersal models and further investigate maize pollen dispersal processes.
Introduction
For many years, plant breeders have been interested in pollen spread as it is related to the maintenance of seed purity. The introduction of genetically modified (GM) crops has increased the need to understand and model gene flow between crops, especially for maize (Zea mays L.) which is the second most commercialized GM crop in the world (1). Moreover, maize is primarily wind-pollinated and therefore is a pertinent plant "model" for studying the physical processes involved in the aerial motion of pollen.
Maize pollen dispersal studies often deal with effective dispersal experiments (2-5). Such studies can give direct estimates of out-crossing rates, but are of limited use as predictive tools because they are only valid for the meteorological conditions encountered during the experiments. With the recent progress in the physical modelling of pollen dispersal (6), a great range of weather conditions, plant (height) and pollen (size, weight) characteristics can be investigated. These models need however to be validated (7) which requires specific datasets with time averaging made over short periods. There is therefore a necessity for a better description of hourly patterns of pollen emission, airborne concentration and deposition rates, as a function of environmental variables, as well as plant functioning.
There are a few studies reporting maize pollen dispersal experiments with airborne concentration and deposition measurements (8, 9) . However, they have been limited to short downwind distances (often less than 100 m) (6,10,11). Direct measurement of pollen release rates is difficult and consequently the temporal pattern of emission is poorly known (12) , except (8) who reported hourly patterns of maize pollen emission based on measurement of concentration above the source. On the contrary, daily maize pollen production has been estimated in several studies using different methods: tassel bags on plants grown in pots (13) ; passive samplers below the source and image analysis (14) ; as well as tassel bags and a continuous particle sampler above the source (8) .
In this study, we report on the measurements of airborne concentration and deposition rate of We compare pollen release rates inferred using a dispersal model with pollen production measured in the field and we examine the influence of environmental factors on pollen emission dynamics. We also discuss the influence of changes in aerodynamic roughness and maize canopy height on deposition rates. The height of the maize canopy (measured to the top leaf), h c was 2.3 m at Montargis, 2.2 m at Grignon and 2.6 m at Sore, and the height of the tassels (h s ) was between 2.2 and 2.5 m at Montargis, between 2.0 and 2.3 m at Grignon and between 2.4 and 2.9 m at Sore. These measurements represent the average of 25 plants in Grignon and 20 plants in Sore.
Material and Methods
At Grignon experimental runs lasted about 2 hours each: 8 were made over wheat in plot 1 (S 0 1 to S 0 8); 9 over stubble in plot 1 (S 1 9 to S 1 17); and 15 over stubble in plot 2 (S 2 18 to S 2 32). More than one experiment was done on each day. Individual runs lasting about 10 hours were carried out at Sore (A1 to A7) over natural grassland on seven different days In the following, x refers to the distance from the downwind edge of the source, and z refers to the height above the ground. butions, the standard deviation of the wind direction was estimated by centring the distribution on the mean vector wind direction, and fitting a Gaussian distribution. The total time for which the wind was blowing from the maize field was then estimated by integrating the measured distribution over the wind direction range corresponding to the site of interest.
Measurements of pollen production, concentration and deposition rate. Table 1 summarises all pollen measurements made in 2001 and 2002. Daily pollen production was estimated using the method described in (8) . Briefly, individual tassels were enclosed in breathable plastic bags and the pollen produced during a 24h period was collected. At Grignon 6 tassels were randomly chosen every day, while at Sore the same 10 tassels were used throughout the experiment. Flowering dynamics were determined from observations on the same 50 plants.
The crop pollen production was determined from the daily pollen production convoluted with the flowering dynamics representative of the whole crop (7).
Airborne concentrations were measured continuously during each pollination period using a 7-day recording spore trap (Burkard Manufacturing Co., Rickmansworth, U.K.) placed in the middle of the plot. At Grignon, vertical concentration profiles were measured at 6 heights (Table 1) , 3 m and 10 m downwind from the source plot, using rotating-arm pollen traps (8, 15) . Wind speeds were measured at the same heights on the masts in order to estimate the horizontal flux through them. At Sore, to observe longer distances, pairs of rotating-arm pollen traps were placed at 1 m high, at several distances downwind from the source (Table 1).
Ground deposition rates were estimated using containers filled with an electrolyte solution (Coulter Isoton, Beckman, USA): the containers used at short distances were smaller than those used at remote distances (Table 1) . Three deposition measurement replicates were made from x = 1 m to 32 m and 2 replicates at x = 60, 120 and 200 m at Grignon whereas 5 repli-
cates were made at all distances at Sore ( Table 1 ). The number of pollen grains collected was counted using an automatic counter (Coulter Multisize III, Beckman, USA) for short distances, and using a binocular microscope for longer distances. In Sore four additional deposition measurements were made over periods of 4 to 5 days, using 4 containers, one placed 800 m west, one 800 m south, one 1000 m east and one 1000 m north (east being the prevailing wind-direction). Inferred production using the SMOP-2D pollen dispersal model. SMOP-2D is extensively described in (7) and is therefore only briefly described here. It is a Lagrangian stochastic (LS) model in two dimensions (x, z) that simulates the wind dispersion of pollen grains by calculating a large number of individual trajectories. The displacement of individual pollen grains is calculated using the following equations: The slope of this regression was taken as the estimation of the actual source strength.
Results
Micrometeorological conditions. The weather was dry and generally sunny (high global radiation) at both Grignon and Sore experiments, conditions suitable for maize pollination (8, 17) . Wind speeds were low (U = 1.9 -4.7 m s -1 ) for the S 0 and S 1 runs and high (U = 2.6 -7.2 m s -1 ) for the S 2 runs at Grignon, but were very low (U = 0.5 -1.4 m s -1 ) for all runs at Sore. The friction velocity, u *, ranged from 0.21 to 0.71 m s -1 and from 0.12 and 0.41 m s -1 at Grignon, and Sore respectively. All runs were under fairly unstable stratification (L < 0) except runs S 0 3, S 0 6, S 1 12, A3, A4 and A5 where conditions were close to those of free convection (low u * and L ≈ 0). The mean wind direction was less than 35° from the direction of the sampling lines for 14 of the 32 runs at Grignon and for 5 of the 7 runs at Sore. However the wind direction was more variable in Sore than in Grignon: the standard deviation in wind direction was greater than 35° for 7 runs at Grignon, but exceeded this for all the runs at Sore.
This could have been partly due to the larger sampling time at Sore. Full details of the micrometeorological conditions are found in the Supporting Information section on the ES&T web site.
Pollen production and emission dynamics. In Grignon, pollen production began on 20 July 2001 and lasted 13 days for plot 1, with the maximum on 27 July, and it began on 9 August 2001 and lasted 9 days for plot 2, with the maximum on 14 August. In Sore, pollen production started on 15 July 2002 and lasted 13 days with the maximum on 21 July. Total pollen production was 6.6 × 10 6 grains per tassel for plot 1 and 6.3 × 10 6 for plot 2 at Grignon, and 6.7 × grains m -3 at Sore. In Grignon, the dynamics of pollen concentration was similar for the two plots, with the largest concentration observed in the first 4 to 5 days of pollination. In contrast, at Sore, the concentration remained small for the first 6 to 7 days of pollination and then increased towards the end of the pollination period. This was probably due to irrigation which was sometimes just above the Burkard trap, as marked with arrows in the Figure 2c . It may also be linked with the larger spatial variability in pollen production in Sore.
The average daily pattern of pollen concentration is shown for the experiments at Montargis, Grignon and Sore in Figure 3 . The two-hourly averaged pollen concentrations for each day were normalised by dividing by the maximum pollen concentration of that day, and the normalised values averaged over the pollination period. The patterns were similar between years, but with slight differences: pollen release usually started at around 8:00 UT and lasted until about 18:00 UT with the maximum occurring between 11:00 and 12:00 UT. At Grignon and Montargis, the maximum was reached earlier and the magnitude was higher than at Sore. At
Grignon, a second peak was observed at around 16:00 UT for plot 1. The two-hourly averaged pollen concentrations are shown for Grignon between the 22 and 25
July, together with the surface wetness index, SWI, and the vapour pressure deficit, VPD, in Grignon), indicating that detectable amounts of pollen were transported above these heights. 
Discussion
Pollen release rate and pollen production. This study has shown that maize pollen grains can be dispersed considerable distances (1000 m) downwind from maize crops. The estimation of the amount of pollen release is consequently of paramount importance to determine the amount of pollen available for long distance dispersal. Figure 8 shows release rates inferred from SMOP-2D as a function of measured pollen production. Measured release rates were 4 to 100 times larger for Sore, but, were in agreement for Grignon S 1 and S 2 and they were down to 10 times smaller for Montargis. These discrepancies may be due to many factors, either linked with the model uncertainty or the specific conditions of each experiment.
The misalignment of the wind direction with the row of instruments and the wind direction variability may explain some of the observed discrepancies in Sore, due to the fact the SMOP-2D is a two-dimensional model (along wind and vertical directions). Indeed, SMOP-2D ideally requires that the wind blows perpendicularly to the edge of the crop, and that the distance downwind is smaller than the crosswind crop size. At Sore, the four runs (A3-A6), where the model greatly underestimated pollen production, corresponded to the four cases where the wind direction was away from the "correct" direction for more than 30% of the time. In the other cases, the wind direction was along the measurement line for more than 90% of the time. In Sore, if the modelled production is "corrected" by dividing by the percentage of time the wind blew along the correct direction (See Supporting Information for more details), the modelled production becomes 2 to 20 times smaller than measured production (instead of 4 to 100). This remaining underestimation either means that the deposition within the canopy was not well modelled, or that measured production was artificially large.
However, other factors may have played a role. For example, at Sore, the pivot irrigation probably reduced pollen release due to washout. Also at Sore the longer sampling period (10 hours compared to 2 hours in other experiments) may make the model assumptions inappropriate, particularly due to changes in wind direction. Alternatively, the method used to estimate pollen production may have overestimated it by altering the microclimate around the tassels or introducing bias in the choice of plants and the size of sample. At Montargis and Sore, the same plants were used during the whole pollination period whereas at Grignon plants were randomly chosen on each day. This supports the fact that the model especially underestimated the pollen production at Sore and Montargis.
The heterogeneity of the maize plots may also explain some of the discrepancies. Above homogeneous surfaces, dispersion models have proven to be useful and accurate for inferring source strengths from measured concentrations of gases (18, 19) and spores (20) . However, when the surface is heterogeneous or when there are large variations in roughness, the problem becomes much more difficult, even for gases (21) . For particles, accurate knowledge of the settling velocity (V s ) is also required. Recent work has shown that maize pollen may have complex distributions of V s , leading to additional difficulties in inverting dispersal models to estimate source strengths (22) . and b = -1, -0.9, -0.5, -0.8, -1, -0.5, -1.2 for A 1 to A 7 respectively and was consistent with the data from (9) . However, it should be stressed that the wind direction would have had a great effect on concentrations and deposition rates measured along a straight line downwind from the source. Indeed, large standard deviations in wind direction will enhance the decrease of concentration and deposition rate with distance. Moreover, since the standard deviation of wind direction is dependent upon thermal stratification (24) , the form of power law function would probably change with thermal stratification.
Deposition rates measured at 800 and 1000 m from the maize plot at Sore were substantially less (1000 times lower at 1000 m) than would be expected from extrapolation of the power law relationships derived using the measurements made closer to the source. These differences probably appeared because the sampling points were not always along the downwind fetch from the field and the deposits were measured over a long period including nights (when small amounts of pollen would have been produced). However, these measurements probably represent more realistic estimates of deposition rates found at longer distances under real Influence of the downwind roughness and the roughness change on deposition rates.
Deposition rates normalised by the deposition rate at x = 10 m are presented as functions of the downwind distance divided by the roughness length of the downwind area (Figure 11a) and the height of the source canopy, which is representative of the roughness change ( Figure   11b ). These graphs show that pollen deposition scales with the height of the canopy near the source (x / h c < 10) and with the roughness of the downwind field (z 0 ) at farther distances (x / z 0 > 2000). This is consistent with the fact that the higher the source is, the further the pollen can travel (near the source), whereas at longer distances, the pollen plume becomes more homogeneous and its deposition is governed by the surface characteristics (27, 28) . On average, h c is a better scaling parameter for the deposition rate than z 0 for the usual distances of interest (isolation distances).
However, it is difficult to draw definite conclusions on the real effect of roughness as the number of observations is limited, and the data scattered. This aspect should rather be investigated using dispersion models. 
